We present RingFinder, a tool for finding galaxy-scale strong gravitational lenses in multiband imaging data. By construction, the method is sensitive to configurations involving a massive foreground early-type galaxy and a faint, background, blue source. RingFinder detects the presence of blue residuals embedded in an otherwise smooth red light distribution by difference imaging in two bands. The method is automated for efficient application to current and future surveys, having originally been designed for the 150-deg2 Canada France Hawaii Telescope Legacy Survey (CFHTLS). We describe each of the steps of RingFinder. We then carry out extensive simulations to assess completeness and purity. For sources with magnification µ >4, RingFinder reaches 42% (resp. 25%) completeness and 29% (resp. 86%) purity before (resp. after) visual inspection. The completeness of RingFinder is substantially improved in the particular range of Einstein radii 0.
Introduction
Since the discovery of the first multiple quasar produced by strong gravitational lensing by a foreground massive galaxy (Walsh et al. 1979) , and the discovery of the first giant arcs found at the centers of galaxy clusters (Soucail et al. 1987; Lynds & Petrosian 1986) , much progress has been made in exploiting the unique capabilities of strong gravitational lensing as a probe of the mass content of distant massive objects, independent of the nature of their constituents or their dynamical state. With the advent of deep, wide-field optical imaging surveys we have now entered a new era that enables the use of sizable samples of strong lensing events as precision diagnostics of the physical properties of the distant Universe.
Gravitational lensing, by itself and in combination with other probes, can be used to great effect to measure the mass profiles of early-type galaxies, both in the nearby universe and at cosmological distances (e.g. Treu & Koopmans 2002a,b; Rusin et al. 2003; Treu & Koopmans 2004; Rusin & Kochanek 2005; Koopmans et al. 2006; Jiang & Kochanek 2007; Gavazzi et al. 2007; Treu 2010; Auger et al. 2010; Lagattuta et al. 2010; Sonnenfeld et al. 2012; Bolton et al. 2012; Dye et al. 2013; Oguri et al. 2013) . Until recently, however, this approach was severely limited by the small size of the samples of known strong gravitational lenses. This has motivated a number of dedicated searches which have increased the sample of known strong gravitational lens systems by more than an order of magnitude in the past decade.
Different search strategies have been adopted depending on the properties of the parent survey. A fundamental distinction is that between source-oriented and deflector-oriented searches (e.g. Schneider et al. 1992) . The choice depends on the relative abundance of the population of foreground deflectors and that of background sources, and has strong implications for the potential applications of the resulting lens catalog.
Historically, source-oriented surveys were considered first, as they generally require the analysis of a relatively small input catalog of magnified sources that turn out to be much brighter than the Barbara, CA 93601, USA foreground deflector at a carefully chosen wavelength. The sources of choice were typically bright quasars or radiosources, that would outshine the light from the deflector. This approach is wellillustrated in the optical by the Sloan Quasar Lens Survey (SQLS Inada et al. 2003 , the near IR with MUSCLES (Jackson et al. 2012) , and in the radio by the Cosmic Lens All Sky Survey (CLASS) (Myers et al. 2003; Browne et al. 2003) . This last survey led to the early discovery of 22 gravitationally lensed quasars, many of which have been followed up with HST . The latest release of the SQLS lens catalog has reported the discovery of 49 new quasar lenses. The scarcity of the population of background sources (∼ 0.1 per deg 2 , Oguri & Marshall 2010) requires extremely wide field surveys in order to gather sizable lens samples.
Recently, wide field imaging surveys at millimeter wavelengths with the South Pole Telescope (SPT, Hezaveh et al. 2013) , and sub-millimeter wavelengths with the Herschel satellite like H-ATLAS (Negrello et al. 2010; González-Nuevo et al. 2012; Bussmann et al. 2013) and HerMES Gavazzi et al. 2011; Wardlow et al. 2013) , have made it possible to target the population of distant sub-mm galaxies in the redshift range 1−4 and find large number of lenses, a result predicted by Blain (1996) .
These surveys lead to a spatial density of strong lenses ranging between 0.1 and 0.2 deg −2 (Negrello et al. 2010; Wardlow et al. 2013; Vieira et al. 2013) . The recent availability of high-resolution spectro-imaging with the Atacama Large Millimeter Array (ALMA) of gravitational lenses found at those wavelengths makes this technique a very promising avenue for the coming decade (Hezaveh et al. 2013) . We expect that a similar density of lensed quasars will be reached by optical surveys as well, including the Dark Energy Survey, the HSC Survey and in the next decade LSST and Euclid (Oguri & Marshall 2010) .
Indeed, at optical wavelengths, where unobscured star-forming galaxies are clearly visible, the ever-increasing deep wide field imaging and spectroscopic surveys are providing a population of distant background sources that has reached several hundreds of thousands per square degree. Since these are generally much fainter than the foreground massive early type galaxy deflectors, an effective strategy is to focus on these less numerous foreground galaxies and look for signatures of a gravitationally-lensed background object. As most of these background sources are spatially resolved, they take the typical shape of a complete, or partial, arc-like, Einstein ring. The challenge of this approach generally resides in the limited spatial resolution of wide field surveys, and the somewhat similar wavelengths at which both the lens and the source shine, which makes it difficult to disentangle the source and deflector light.
A particularly successful way to mitigate this problem has been to take advantage of large spectroscopic surveys, such as the Sloan Digital Sky Survey (SDSS), which took spectra of several hundreds of thousands of bright galaxies. By looking for composite spectra consisting of two objects at different redshifts within the solid angle covered by the spectroscopic fiber, it has been possible to build a large sample of galaxy-galaxy lens systems. These consist typically of a low redshift foreground massive early-type galaxy and a background starforming galaxy at higher redshift. The Sloan Lens ACS Survey (SLACS) conducted HST follow-up observations of such spectroscopic candidates, and discovered about 100 gravitational lenses in the redshift range 0.1 ≤ z d ≤ 0.4 (Bolton et al. 2004 Auger et al. 2010) . Rarer configurations, involving a foreground late-type galaxy, or a background early-type galaxy, were also searched for Brewer et al. 2012; Auger et al. 2011) . Recently, this technique has been extended to the SDSS-III survey and has been used to find more lenses at z 0.6 Bolton et al. 2012) . The main advantage of this spectroscopic approach is that important quantities, such as the deflector and source redshifts along with the velocity dispersion of the stars in the deflector, are obtained from the parent survey itself. The availability of this data allows for many scientific applications including, combined lensing+dynamical studies of these systems (Treu & Koopmans 2004; Koopmans et al. 2006 Koopmans et al. , 2009 Auger et al. 2010; Sonnenfeld et al. 2012) , without the need for targeted spectroscopic followup.
Even though the approaches described above have been very successful, there is strong motivation to develop techniques to identify galaxygalaxy lenses purely in imaging data. This is challenging, but it can potentially yield a larger number of objects than any other technique: Marshall et al. (2005) forecast more than 10 such systems per square degree at HST -like depth and resolution. Similar numbers are expected for Euclid/LSST. We therefore expect an all-sky survey should find more than 10 5 such systems. Finding a similar sample of systems from an all-sky spectroscopic catalog would require of order 10 8 spectra, two orders of magnitude more than have been taken to date.
Because of the difficulty of identifying galaxygalaxy lenses in optical images, much effort has been devoted to the analysis of HST data in order to exploit its resolution. Searches based on both visual and automated inspection have been conducted (e.g. Ratnatunga et al. 1999; Moustakas et al. 2007; Faure et al. 2008; Jackson 2008; Marshall et al. 2009; Pawase et al. 2012; Newton et al. 2009 ), yielding several tens of candidates over the few square degrees of available data.
Still, ground-based imaging is a potentially promising avenue, with its relatively low angular resolution compensated by the ready availability of hundreds or thousands of square degrees in multiple bands. In the SDSS, with typically 1.
′′ 5 seeing and limiting magnitude r ∼ 21.5, only wide separation systems produced by very massive galaxies, groups or clusters of galaxies have been able to be uncovered (Belokurov et al. 2009 ). The success rate increases significantly with angular resolution, and therefore sub-arcsecond image quality is desirable. Thus, good image quality and wide area coverage, such as that provided by the Canada France Hawaii Legacy Survey (CFHTLS), are potentially more promising sources of lenses -especially those with deflector redshifts ∼ 0.5 and above, where current samples are scant ). This argument motivated the Strong Lensing Legacy Survey (SL2S), which comprised a search for group and cluster scale (Einstein Radius R Ein 3 ′′ ) lenses (Cabanac et al. 2007; More et al. 2012) , and the present work, the SL2S galaxy-scale lens search. The ultimate goal of our work was to use the newly found lenses to study the formation and evolution of massive galaxies; our results can be found in Ruff et al. (2011); Gavazzi et al. (2012) ; Sonnenfeld et al. (2013a,b) .
In this paper we present RingFinder, the semi-automated procedure for finding galaxy-scale strong lenses in the multi-band imaging data that we have applied to the CFHTLS. By focusing on the most frequent lens-source configuration, that of a foreground red massive early-type galaxy and a faint blue background source at higher redshift, we implement a technique that subtracts off the foreground light and analyses the blue residuals by requiring that they are broadly consistent with a strong lensing event. The CFHTLS data are described in Section 2 while Section 3 describes the RingFinder algorithm. A list of 330 lens candidates, plus 71 additional candidates from preliminary versions of RingFinder and additional datasets are also presented in this section.
In Section 4 we describe the extensive and realistic simulations of plausible galaxy-scale lens systems which we use to assess the performance of the method, both in terms of completeness and purity. We explore the dependence of those quantities on important parameters like the Einstein radius, source magnitude, and lens and source redshifts in order to characterize the selection function of the RingFinder sample.
Then, in Section 5 we summarize the results of our multi-year follow-up campaign with high resolution imagers and spectrographs, present the sample of confirmed lenses, and discuss false positives and contaminants. We summarize our main results and present our conclusions in Section 6.
Throughout this paper, all magnitudes referred to are calculated in the AB system, and we assume the concordance ΛCDM cosmological background with Ω m = 0.3, Ω Λ = 0.7 and H 0 = 70 km s
The CFHT Legacy Survey
The Canada-France-Hawaii Telescope Legacy Survey 1 (CFHTLS) is a major photometric survey of more than 450 nights over 5 years (started on June 1st, 2003) (IAP) and finally archived at the Canadian Astronomy Data Centre (CADC). Terapix also provides weight map images, quality assessments meta-data for each stack as well as mask files that mask saturated stars and defects of each image. The production of photometric catalogs was made at Terapix using SExtractor (Bertin & Arnouts 1996) . In this paper we use the sixth data release (T0006) described in detail by (Goranova et al. 2009) Regions around the halo of bright saturated stars, near CCD defects or near the edge of the fields have lower quality photometry and are discarded from the analysis. Overall, we reject ∼ 21% of the CFHTLS Wide survey area, reducing the total area analyzed in this work to 135.2 deg 2 .
The RingFinder pipeline
In this section we present the methodology that we adopted to uncover gravitational lenses in multi-filter imaging data. It is a lens-oriented strategy in the sense that we first select bright early-type galaxies (ETGs) as they presumably are the most massive objects and thus the most efficient gravitational lenses. Then, the bulk of the deflector light is removed by subtracting a scaled version of the i-band image from the g-band im-age. Finally, we look for blue features consistent with being gravitationally lensed objects in the residuals.
Population of foreground Early-Type Galaxies
The starting point of our procedure is a photometric catalog of ETGs that we restrict to a maximum apparent magnitude 17 < i < 22 to select the more massive systems in the redshift range more favorable for lensing (0.2 z 1). We take advantage of a version of photometric redshift measurements for the T06 CFHTLS data release updated by the work of Coupon et al. (2009) previously done for T04 earlier data release. These were obtained using LePhare code 4 . The reliability of photometric redshifts has been extensively assessed against spectroscopic redshifts (Ilbert et al. 2006; Coupon et al. 2009 ). We define our sample of ETGs as those galaxies having a best fit photometric template Spectral Energy Distribution (SED) type T < 22, corresponding to an SED of an E/SO galaxy. The typical redshift uncertainty for these galaxies down to 22 is about 0.026 with only 1.3% of catastrophic failures. We also exclude low redshift z < 0.1 objects that are too close for being efficient lenses and for which SED fitting leads to greater redshift and type errors, given our filter coverage.
When looking for lenses, however, simple color cuts are not sufficient to obtain complete samples of deflectors. A bright and blue strongly lensed background source can alter significantly the colors of the foreground deflector, misleading the classifier to think it is of a different spectral type. In order not to miss some of the potentially more promising targets we have thus augmented our sample of red galaxies in the following fashion (A fully quantitative justification of this procedure is given in Section 4.4.4 with the aid of our extensive simulations).
We measure colors (g − i) in and (g − i) out in two concentric circular apertures R in = 1.
′′ 86 and R out = 3.
′′ 35 and we add to our catalog of potential lensing ETGs all galaxies that have a red core and have a substantially bluer envelope regardless of their best fit SED template type T . The criteria 4 http://www.cfht.hawaii.edu/$\sim$arnouts/LEPHARE/cfht_lephare/lephare.html are as follow:
and
As we show later these cuts are sufficient to add all the interesting targets. With this supplement, we typically end up with 3740 target ETGs per sq. degree (20% of which have a substantial color gradient). We are therefore left with ∼ 638 000 objects. Their photometric redshift distribution along with their (g − i) ETG color 5 as a function of redshift is shown in Fig. 1 . The median redshift is z med = 0.58 with 16th and 84th percentiles of 0.36 and 0.82, respectively. This suggests that this parent dataset should be excellent for identifying a sample of gravitational lenses with deflector redshift z > 0.4, and hence complement lower redshift samples like the SLACS.
g − α i difference imaging
For simplicity we approximate ETGs as having the same shape and radial light profile in both g and i bands (we will justify this choice below). With this approximation, lensed features that have different colors than the deflector will show up in g − α i difference images, where α is an appropriate scaling factor. As we will see, this approximation allows us to remove the foreground deflector light robustly and with sufficient precision to identify background lensed features as positive residuals with blue colors.
PSF matching and subtraction
As a first step we have to match the spatial resolution of the red and blue images. To achieve this, we simply convolve the red image with the blue PSF, and vice-versa. Even though it entails some loss of information, this process has the advantage of being robust provided we have a good control of PSF variations over the large Megacam 1 deg 2 field-of-view. To understand the PSF, we build catalogs of bright unsaturated stars in the magnitude range 17.3 < i < 21 for each CFHTLS pointing. For each ETG, we look for all the neigh-5 Based on MAG AUTO photometry boring stars less distant than 4 arcmin 6 , align them with sub-pixel accuracy and make a fluxweighted average in each of the g and i bands. In most cases the image subtraction for ETGs leaves us with very small residuals down to a radius of ∼ 0.
′′ 5. On smaller scales, imperfect PSF matching and/or some unaccounted-for color gradient or nuclear emission prevents us from reaching residuals consistent with noise. We thus conservatively discard residuals on scales below 0.
′′ 6. This effectively sets a lower limit to the Einstein Radius of the gravitational lens systems that can be identified by RingFinder.
The two light distributions are then matched by optimizing the value of the scaling parameter α using a linear regression of the g and i pixel values in the aperture 0.
′′ 5 ≤ R ≤ 2 ′′ . We then repeat a symmetric 3-sigma clipping of discrepant pixels four times to end up with a (g−i) color index map in which the deflector light is suppressed.
Deflector light profile analysis
We use the sigma-clipped pixels described in the previous section to perform a simple analysis of the red light distribution. In this process we measure relevant quantities of the ETG, such as the second order moments, axis ratio q L , orientation θ l , effective radius R eff,L and Sérsic index n L (Sersic 1968) . Even though these quantities are affected by the PSF blurring, they are useful to further refine the pre-selection of ETGs by discarding spurious stars and red spirals. In particular, by discarding the ∼12.5% most elongated objects with q L < 0.7 and deflector having a Sérsic index n < 1.5, we exclude disky foreground objects for which the assumption of an homogeneous color is poor and will give rise to numerous false positives.
Detection and analysis of residuals
In order to identify significant residuals, we measure the noise level in the g − α i color map. We then define a detection by requiring a signalto-noise-ratio ν > 1.2 over at least 10 connected pixels in the unmasked image, provided that the center of light is in the annulus R min = 0.
′′ 5 ≤ R ≤ R max = 2.
′′ 7. For each such connected region we infer the shape from the zeroth, first and second order moments measured in the area defined by the isophotal detection threshold. In particular, for each connected region we measure a flux F res , principal axes a res and b res and their ratio q res , the radial separation R res , and orientation ϕ res of the main axis with respect to the center of the deflector, and the isophotal area A res . We also keep track of the multiplicity M of the residual, i.e. whether we detect several residuals around a given foreground ETG. Detections with width b res < 0. ′′ 2 are considered spurious given the typical image quality in both the g and i bands. After this step, we find that about 14370 ETGs exhibit one or more detectable blue residuals. Given the 135.2 deg 2 effective area, this corresponds to about 106 objects per square degree. We also readily see that about 97.7% of the parent population of ETGs isolated in §3.1 are automatically removed by our automated RingFinder pipeline. However at this stage we have not yet taken advantage of the measured quantities like F res , q res , R res and ϕ res which as we will show will help further select actual lens candidates and eliminate false positives. As justified by the simulations presented in §4 and the association of previously known lenses, we apply the following cuts:
• the orientation of the major axis of the residual should be nearly tangential with respect to the center of the deflector. This reads |ϕ| ≤ 30
• .
• the flux F res should correspond to an AB magnitude m res ≤ 25.5, the area A res < 7 arcsec 2 and the mean surface brightness < 26.3 mag/arcsec 2 .
• If one and only one residual is found (M = 1), then we require it to be elongated q res < 0.7. Otherwise, if M ≥ 2, the object is considered in the catalog of lens candidates.
After these cuts aiming at maximizing the recovery rate, we end up having 2524 lens candidates passing all these automatic criteria, corresponding to a spatial density of about 18 deg −2 .
Visual inspection
These 2524 candidates were subsequently visually scrutinized by the authors in order to iden- Fig. 2. -Two examples of RingFinder outputs. The first column is a gri composite color image. The second column shows the result of the g − αi difference imaging that performs well at suppressing the deflector light and picking the blue arc-like residuals. The third column shows the detected area(s) and the forth column shows the HST counterpart. Images are 15 arcsec on a side. In the first row we see a good candidate in a typical cusp configuration where only the bright outer image is detected. The second row illustrates a typical false positive consisting of a nearly face-on disky galaxy with a prominent bulge. tify obvious spurious objects and refine our lensing classification. We thus defined a quality factor called q flag taking 4 possible values, 0: not a lens, 1: possibly a lens, 2: probably a lens, 3: definitely a lens. The classification is similar to the scheme adopted for the SLACS survey (Bolton et al. 2004 Auger et al. 2009 ). The visual classification is very fast as the 2524 candidate lensing ETGs could be visualized and classified in a few hours for a single individual. When the eyeball classification of the authors disagreed, a consensus classification for each object was achieved via a short discussion.
The visual classification criteria are somewhat subjective as they rely on the experience of the authors in observing, simulating, and modeling confirmed lenses. It is an iterative process that builds on the existence of some high resolution HST imaging of the COSMOS field whose intersection with the CFHTLS deep field is one square degree and in which a sample of gravitational lenses was published (Faure et al. 2008; Jackson 2008 ). In addition, as explained below, some early follow up imaging with HST allowed us to train our classification. Figures like in Fig. 2 were produced for known lenses to see how they would look like and to know what to expect. It is not trivial to figure out that the first row is an actual lens whereas the second one is a nearly pole-on view of a disky galaxy with a prominent bulge and a bright arm in the disk.Note that RingFinder yields very similar outputs for the three objects shown in the figure. This illustrates that it will be difficult to circumvent the need of a final informed visual inspection, or the need for follow-up for final confirmation.
The visualization step allowed us to select 330 good and medium quality lens candidates that are presented and further investigated in §5. They are listed in table 1. 
In addition to this clearly defined sample of lens candidates, we present in Table 3 , 71 systems that were detected with earlier implementations of RingFinder or previous CFHTLS data releases. Some of the systems presented were serendipitously found in the CFHTLS Deep survey. This sample is not meant as a statistical sample and therefore we have not carried out a complete statistical analysis of its selection function. Candidates are shown anyway as some of them were considered for follow-up imaging or spectroscopy and they might be useful for future work.
Simulating CFHTLS lenses
In order to understand the efficiency of RingFinder at recovering actual lenses (completeness), and the fraction of true lenses among all the detections (purity), we need a validation set of known lenses whose mock observables (images) have been run through the RingFinder detection pipeline. Since we do not have a sufficiently large sample of real gravitational lenses, we use realistic simulations instead. In this section, we first describe the physical assumptions that we put in to our simulated lenses, realize a sample of mock lenses as they could appear in the CFHTLS Wide data, and then feed them through the RingFinder pipeline.
The background source population
Our lens survey is essentially surface brightness limited in the g band 7 . We thus need to consider, in a self-consistent way, the multivariate distribution of redshift z s , half-light radius R s , i band magnitude and (g − i) color for the population of background sources that might be strongly lensed. We use the COSMOS30 catalogs from the deep COSMOS survey ) to account for any magnification bias that might be introduced to the lensed sources, but also to obtain approximate pre-seeing galaxy sizes. Therefore, instead of drawing multivariate realizations of faint background sources in a Monte-Carlo approach from an analytic expression, we simply draw randomly a background source from the COSMOS catalog and consider its full set of i, (g − i), z and R s values. The COSMOS catalog is complete down to i ∼ 25 and takes advantage of 30 broad and narrow band filters covering UV to mid-IR wavelengths. The space density of such a population is n bg ≃ 40 arcmin −2 . We choose to model all our background sources with exponential elliptical profiles, with ellipticity e drawn from a Rayleigh distribution of dispersion σ e = 0.3 (as is often used in weak lensing studies, e.g. Miller et al. 2013 , and references therein) but limited to e max = 0.8. The sources' orientations are assumed to be uniformly distributed between 0 and π radians.
Population of foreground deflectors
A key feature of lens-oriented searches is that they require a pre-selection of potential deflectors. A magnitude-limited sample of bright i < 22 ETGs will readily lead to a selection of galaxies of significant mass, and therefore lens strength, but whose completeness that will vary with redshift.
We assume that the deflectors can be modeled as Singular Isothermal Ellipsoids (SIE) with a characteristic velocity dispersion σ. This latter quantity and the effective radius R eff of the deflector can be uniquely related to its i band absolute magnitude M i through the Fundamental Plane (Dressler et al. 1987; Djorgovski & Davis 1987) . We first assign R eff using the Kormendy relation (Kormendy 1977) :
(3) where ε R eff captures the scatter in that relation and we assume a value of 0.11 (i.e. 30% intrinsic scatter). We then estimate the mean effective surface density µ 0 and use the recent values of Bernardi et al. (2005) 
The values are consistent with the assumptions made by Oguri (2006) to calculate lensing optical depths. We neglect the redshift dependencies of these relations. In practice, the sample of simulated ETGs has a median velocity dispersion of 210 km s −1 and an rms dispersion of about 65 km s −1 , with a mild shift of the distribution 
Note.-Photometric redshifts were measured by Coupon et al. (2009) . Deflector z d and source zs redshifts, when measured, as listed. The follow-up confirmation flags confirmed are also listed when some additional dataset brought firmer pieces of evidence on the nature of the candidate previously classified as either a good candidate q flag=2 or an excellent candidate q flag=3. mag i refers to the i band apparent magnitude of the candidate deflector. Systems are sorted in ascending name order with a first block of q flag=3 values first, followed by a block of q flag=2. toward higher (resp. lower) values with redshift, which is an obvious translation of the selection in apparent magnitude.
Despite this model's simplicity, the inner parts of all massive ETGs have been found to be well approximated by Singular Isothermal Ellipsoids (SIE) (see e.g. Rusin et al. 2003; Koopmans et al. 2006 Koopmans et al. , 2009 . We can thus define the Einstein radius R Ein as:
where w ≡ d ls /d s is the ratio of distances between the deflector and the source, and between the observer and the source.
The ellipticity and orientation of the elliptical total mass distribution are assumed to be that of the deflector's stellar light. Neglecting the presence of either intrinsic misalignment or external shear in this way is justified by the supercritical parts of the galaxy density distribution being dominated by stellar mass, and by the fact that the lens statistics are only weakly dependent on external shear (e.g. Keeton et al. 1997; Koopmans et al. 2009; Gavazzi et al. 2012) .
At this stage we randomly draw important parameters such as the lens magnitude, g − i color, effective radius, ellipticity, and orientation from a realistic distribution, and realize the lenses galaxies as elliptically-symmetric de Vaucouleurs profile light distributions. On top of them, fake lensed sources were added. This approach has the advantage of being quite simple, and of allowing direct identifications of factors limiting the completeness of a lens survey. We anticipate that all the complexity of the lensing galaxies, like their complex environment, the presence of a blue star forming disk-like component or satellites, or gas rich minor mergers, etc, would yield false positive signals in the RingFinder pipeline. However, with our simulations we can already set upper limits on the purity that RingFinder can achieve along with robust estimates of the survey completeness.
Observational aspects
To be realistic, our simulations need to contain all the relevant observational limitations that we face in real data. Although we are focusing on the CFHTLS survey, our machinery is able to simulate a wide variety of observational situations. Here, all the simulated images are convolved with a CFHT/Megacam PSF that is constructed in the same way as described in §3.2.1. We assume sky background surface brightnesses that are typical of CFHTLS observing conditions, i.e. 19.2 and 21.9 in the i and g bands respectively. Exposure times are 5500 and 3500 s, respectively. Although they are negligible here, readout noise and photon noise from the lensed source are also included. Conversely, the photon noise from the foreground de-flector is carefully taken into account as we are explicitly interested in the faint lensed features hidden beneath high surface brightness foreground galaxies.
Statistics
We simulated 96, 000 lines of sight, each exhibiting a deflector at the center of coordinates and a source uniformly distributed within a circle of radius R max = 3 ′′ . Our statistics are boosted by avoiding simulating many foreground galaxies with no nearby background source. Therefore numbers should be corrected by a factor τ ≡ πR 2 max /n ng ≃ 2 × 10 −4 . Of course not all the sources within this radius would give rise to substantial and hence usable strong lensing, but some of these un-lensed sources could lead to a positive RingFinder detection signal and therefore should be included in the simulation process. We avoid considering too large a value for R max because otherwise one could no longer neglect the probability (as drawn from unclustered Poisson statistics) of 2 or more sources being present within R max .
In addition, since we are dealing with extended sources, it is not easy to build a criterion that would tell whether a lensing configuration is giving rise to strong lensing or not.
8 Therefore we chose to consider a certain level of total magnification as the criterion for strong lensing being present. One possible fiducial value is µ = 2, the total magnification reached when a point-like source is on the edge of the multiple imaging region of an SIS deflector. However, such a value is rather small, leading to many occurrences of image systems that do not exhibit bright counter-images and would therefore be of limited interest for lens modeling. A more conservative value is µ = 4, which we find to imply easily-identifiable multiple images. Unless otherwise stated, this is the value we shall consider in what follows.
Before applying RingFinder
The first outcome of these simulations is shown in Figure 3 . The distribution of Einstein radii is shown in the top left panel. The median Einstein radius of the simulations is 1.
′′ 17
+0.87
−0.49 . We stress that the statistics should not be taken at face value for very large Einstein radii (R Ein 4 ′′ ), since the assumption of SIE mass distribution should not apply to the few most massive galaxies at the centers of groups or clusters of galaxies (e.g. Newman et al. 2013) . We also note the rapid falloff of the statistics at small R Ein 0.
′′ 3 values. This is a clear consequence of the typical size of sources having a half-light radius median value 0.
′′ 29. This is also seen in the top right panel where the differential probability density of magnification does not scale as µ −3 at the high magnification end, as it would for point-like sources, but the probability instead decreases as the ∼ 3.5th power of µ beyond µ ∼ 10.
For systems having µ ≥ 4, the median deflector redshift is z d ≃ 0.49
−0.14 , while the median source redshift is 1.28 Figure 3 ). The magnified population of lensed arcs has a median value of g ∼ 22.8 and corresponds to a median intrinsic magnitude of g ∼ 24.7.
In addition, the color index of the deflectors is (g − i) d ≃ 2.0 ± 0.4 and the color index of the background sources lensed by µ ≥ 4 is (g − i) s ≃ 0.76
+0.79
−0.39 . This justifies our early hypothesis that background sources are much bluer than the deflectors we consider here.
The top row of Table 2 lists the spatial density of actual lenses that our simulations predict for the limiting source magnitude i < 25 and limiting deflector magnitude i < 22. We expect 8.6 lenses per square degree magnified by µ = 4 or more. These numbers compare well with the earlier predictions of Marshall et al. (2005) or statistics from high-resolution imaging data (Faure et al. 2008; Jackson 2008; Marshall et al. 2009; Newton et al. 2009; Pawase et al. 2012 ).
After applying the automated part of
RingFinder.
The application of the RingFinder pipeline with the settings presented in Section 3 will obviously change the above statistics. Not all the lenses will be detected (loss of completeness) and some non-lenses (in the sense µ ≥ 4) will enter the sample (loss of purity). Before the visual inspection step detailed in Section 3.3, RingFinder yields the numbers shown in the From top left to bottom right, panels show the statistical dependency on the position of the furthest (and brightest) of the multiple images θ 1 , the Einstein Radius R Ein , the magnification µ, the source position β, the arc (magnified) g band magnitude, the source half-light radius, the source (g − i) color index, the source redshift, the deflector i band magnitude, the deflector half-light radius, and finally, the deflector redshift. In each panel, we show the distribution of all the lenses (solid black), the distribution of the candidates the algorithm automatically finds (dashed red), and among them, the distribution of the ones that are actually lenses. The additional loss of candidates produced by the subsequent level of selection (human inspection keeping only q flag ≥ 3 systems), is shown in green (solid for the actual lenses, and dashed for all the candidates).
q flag ≥ 0 columns of Table 2 9 . We can see that, µ > 4 µ > 2 # of existing lenses 8.6 44.3 q flag ≥ 0 ≥ 2 ≥ 3 ≥ 0 ≥ 2 ≥ 3 # of selected candidates 12.5 6.4 2.5 12.5 6.4 2.5 # of selected lenses 3.6 3.4 2.1 7.9 5.8 2.5 completeness (%) 42 39 25 18 13 6 purity (%) 29 53 84 63 91 100
Notes: Lensing events per square degree involving a source brighter than i = 25 and a foreground lensing ETG brighter than i = 22. The first row indicates the number of lenses predicted to exist per square degree in the sky, the second row shows the number of systems the RingFinder recovers, and the third row presents the number of actual lenses among these. For each magnification threshold chosen as a criterion for lensing, the q flag ≥ 0 columns refers to the statistics directly after the automated procedure while the q flag ≥ 2 and q flag ≥ 3 refer to the quality level assigned during visual classification. For each value of q flag we calculate completeness and purity at the ratio of first to third row and the ratio of the third to second row listing numbers per square degree.
per square degree, RingFinder will automatically detect 12.5 lens candidates. Among these, only 3.6 will be actual lenses magnified by µ ≥ 4. In other words, of the 8.6 lenses existing in a given square degree of the sky (top row of Table 2 ), 3.6 of them will be actual lenses, these lenses being detected as the same time as (12.5 − 3.6 = 8.9) spurious non-lenses. We thus conclude that the direct application of the automated procedure will achieve a completeness of 3.6/8.6 ≃ 42%. Therefore, we see that the method performs better for the most interesting lens systems. Conversely, we achieve a low purity rate of 29%. These global statistics can be better understood by viewing Figure 4 where we overlay the distribution of some important observable or hidden parameters for the population of lenses (solid black), the population of recovered candidates (dashed red) and the population of recovered true lenses (solid red). The ratio of the solid red curve to the solid black curve should thus illustrate the completeness, while the ratio of the solid red curve to the dashed red curves gives the purity. In particular, we see that:
• The systems having their most distant lensed image lying at radius θ 1 in the range 1 − 2. ′′ 5 are well recovered, and, there, the purity is maximum. Beyond θ 1 ∼ 3 ′′ , the RingFinder radial exploration range would need to be changed in order to catch these very few lenses. However we can extrapolate that many false positives would also enter the detection sample, and would therefore swamp the very few large separation lenses. On small scales both purity and completeness are difficult to achieve for θ 1 < 1 ′′ .
• For a magnification µ > 4, the completeness does not change much with µ. Obviously, by construction, all the recovered non-lenses are systems experiencing µ < 4.
• Again, the source redshift has a very limited impact on the recovery rate. We however notice that the low redshift z s 1 sources have a substantial contribution to the spurious detections.
• RingFinder systematically misses the small red tail of the population of sources; otherwise, the purity and completeness are quite constant in the range 0 (g − i) s 1.2.
• The completeness and purity are maximized for the bright arcs having g < 23 and, at fainter magnitudes, many spurious system enter the sample (but are not magnified much) and the completeness rapidly falls off.
• The source size only has a mild impact on purity and completeness. We only see marginal evidence for the few large sources, that cannot lead to high magnifications, contributing to reducing the purity of large arcs (that do result from high magnification).
• The completeness is maximized for Einstein radii between 1 and 2 ′′ . Below 1 ′′ , the purity becomes poor, but it can get close to unity for R Ein 1. ′′ 6. Conversely, the completeness decreases for R Ein ≥ 2 ′′ and R Ein 1 ′′ because of the limited analysis range of RingFinder, as already noted for θ 1 .
• Most of the spurious detections are due to sources with large impact parameter β > 1 ′′ that lead to low magnifications. Likewise, some actual lenses having a largely off-axis source, presumably the ones with a large Einstein radius that we just saw we are missing, are not recovered. These correspond again to the systems with θ 1 3 ′′ , outside the RingFinder exploration range. Completeness and purity are both largest for the smallest impact parameters β 0.
′′ 3.
• There is a mild selection effect with respect to deflector redshift, given the parent population of simulated ETGs having i < 22. The deflector redshift has a very little impact on completeness and purity slowly reduces for
• RingFinder does not imply particular selection effects with respect to the apparent magnitude of the deflector, or their angular size due to differential incompleteness. We however notice that the purity is worse for the smallest and faintest deflectors because they are lower mass or high redshift systems, and hence lead to lower magnifications.
In addition, it is important to check, for future scientific use of a lens sample extracted from the RingFinder detection pipeline, that the typical scale of detected Einstein radii is consistent with the parent population of lenses at any redshift. Figure 5 shows that, in our simulated lenses, there is no such particular selection effect as a function of redshift. Studies of the redshift evolution of the deflectors' properties will thus be more straightforward.
After the subsequent visual classification
The visual inspection step detailed in Section 3.3 will change the above statistics. If we consider only the best quality flags systems as candidates, i.e., the ones with a q flag ≥ 3, the total purity can be increased dramatically, to about 86%.This is obviously at the expense of completeness, which now reduces to 25%. More statistics are presented in the q flag ≥ 3 and q flag ≥ 2 columns of Table 2 . We can see that visually-classified candidates with q flag ≥ 2 already improve the purity to 53% while preserving the completeness ∼ 40% of the automated selection process. Therefore this first "conservative" visual selection, which consists of keeping only systems with q flag ≥ 2 is of great value. Per square degree we expect about 2.5 (resp 6.4) candidates with q flag ≥ 3 (resp. q flag ≥ 2), which corresponds to a 80% (resp. 50%) decrease as compared to before visual classification.
As a function of relevant parameters, the change in statistics forq flag ≥ 3 is shown in the panels of Figure 4 as green histograms, the solid one showing the recovered lenses with µ ≥ 4 and the dashed one showing all the recovered candidates. We see that the inspection is particularly efficient at removing the low-R Ein spurious systems, while preserving the high-R Ein lenses. Likewise, the many spurious candidates with low magnification and large impact parameter are correctly discarded at low extra completeness cost. This is also true for the spurious faint arcs, the low redshift sources, and spurious small and faint deflectors.
Regarding selection effects in terms of the typically probed physical scale R Ein /R eff , we see in Figure 5 that no significant change is introduced with respect to the parent population of lenses.
Selection effects related to the photometric preselection.
The above steps of the simulations are based on a pure and complete (down to i < 22) parent population of ideal ETGs that can subsequently be tested for the presence of strongly lensed arclike features. This is an idealistic case that we now call into question. The presence of another object along the line of sight of an ETG, whatever its redshift, may perturb the photometry of the ETG. This was anticipated in the presentation of the RingFinder pipeline in Section 3.1.
The presence of the secondary object, either magnified or not, will perturb the photometry in several ways. At the catalog level (produced by SExtractor for the CFHTLS), if the secondary object is bright enough and close enough, the source extractor will be fooled by the secondary in one or several bands. This can lead to a misidentification if the secondary is of similar flux or brighter than the deflector. Our simulations suggest that ∼ 3% of all the simulated sightlines lead to such misidentifications. Furthermore the frequency rises to ∼ 6% of the sightlines that involve a µ ≥ 4 magnification event. Therefore we readily see that 6% of the strong lenses we simulated could be lost at the ETGs catalog level.
The photometry will not be affected as dramatically, though photometric redshifts can be altered, since even a small amount of flux coming from the lensed object will modify the SED of the blended {foreground ETG, lensed arc} system, possibly leading to a bias in the redshift estimate if taken as a unique object in the parent catalog. This can lead to a loss of lensing ETGs, since photometric redshifts are used in our preselection. Figure 6 shows the difference of measured and input (g − i) color indices divided by the photometric error on it, as a function of the color gradient defined in Equation 2. We can see strong departures from the input color index that will presumably lead to perturbations in SED fitting, hence implying unreliable photometric redshifts or spectrophotometric template types. We see that the lenses with µ ≥ 4 clearly exhibit different colors. More quantitatively, we estimate that about 5% of our simulated lines of sight will end up in photometric catalogs in which the (g −i) color index will depart by more than 0.2 magnitudes from the intrinsic color of the foreground galaxy, leading to misleading SED fits. The fraction of spurious colors increases to ∼ 38% for the populations of µ ≥ 4 actual lenses. This has therefore to be accounted for when dealing with a photometric redshift catalog. This was the motivation of our conservative color gradient cuts of Equations 1 and 2. By ignoring SED fits to the objects satisfying these criteria, we are able to mitigate the problem and limit the loss of µ ≥ 4 lenses to about 19% with little dependency on deflector or source parameters, except a mild bias against the smallest Einstein radii leading to apparently blue core foreground galaxies. This is an illustration of the limitations of lens-oriented surveys that have difficulties disentangling the light from the foreground and the background objects when they emit at similar wavelengths. 
Follow-up observations
In order to assess the merits of the RingFinder procedure, we undertook a series of follow-up observations of our sample of candidate strong lensing events. The missing pieces of evidence for validating a candidate as a strong lens are the knowledge of the source and deflector redshifts along with some high spatial resolution imaging that would unambiguously show signatures of strong lensing, for example with the multiplicity of sources of similar morphology and color.
High-resolution imaging with HST
The most important follow-up effort we carried out was the imaging of our lens candidates over the course of three HST cycles as part of the SNAPSHOT programs 10876, 11289 (PI Kneib) and 11588 (PI Gavazzi). The technical details of the observations and their reduction is presented in Gavazzi et al. (2012) and Sonnenfeld et al. (2013a) . The earliest observations consisted in F814W snd F606W exposures summing to a single-orbit visit. Subsequently, the failure of ACS led us to conduct single filter (F606W) 1200-second observations of some systems with WFPC2, while the most recent observations were performed with the WFC3 camera using the F600LP and F475X wide filters to fill a full HST orbit.
Besides these dedicated observations, we also took advantage of the existence of the COSMOS (Scoville et al. 2007 ) survey and the Extended Groth Strip (EGS) data that happen to coincide with the CFHTLS D3 and D1 fields respectively. The known lenses in these HST data (Moustakas et al. 2007; Faure et al. 2008; Jackson 2008) were used at various stages of the developement of RingFinder to help tune the free parameters of the pipeline such that the number of recovered COSMOS and EGS lenses would be maximized. The lenses used at that time were not subsequently considered as being part of the statistically homogeneous list of candidates presented in Table 1 , and were extracted from the CFHTS Wide fields' data only.
Of the 19 main sample candidates of Table 1 that have been observed with HST , 16 turned out to be definite lenses (confirmed=3), 1 a probable lens(confirmed=2), 2 possible lenses(confirmed=1) and 1 non lens (confirmed=0). The confirmation rate for the final implementation of RingFinder is high.
During the development phase of RingFinder, we intentionally dedicated our follow-up to a broad range of quality flag value targets (from q flag=0 to q flag=3). Of the first 43 candidates observed with HST during this development phase, 14 systems were subsequently ranked with confirmed=3, 2 with confirmed=2, 10 with confirmed=1 and 17 with confirmed=0. Defining good quality additional candidates to have q flag≥ 2, the confirmation rate provided by HST in this phase was 50%. This can be compared with the confirmation rate of about 89% that we eventually achieved in the final main sample, having learned from the first series of HST observations.
High-resolution imaging with Keck Laser Guide Star Adaptive Optics
The Keck Adaptive Optics system has been proven to be very effective for the study of strong lensing systems, routinely delivering a stable enough PSF to enable a variety of science applications ranging from lens confirmation ) to lens modeling (Marshall et al. 2007; Gavazzi et al. 2011; Auger et al. 2011; Brewer et al. 2012; Fu et al. 2012; Lagattuta et al. 2012; Vegetti et al. 2012) especially when the sources are red or the deflectors are dusty.
In the early stages of the follow-up effort, we obtained high resolution imaging ground based K-band images using the NIRC2 Camera on the Keck II Telescope assisted by Laser Guide Star Adaptive Optics. Observations were conducted in September 2007 under good observing conditions, sub-arcsecond natural seeing. The AO system worked well delivering typical Strehl ratio of approximately 0.2. Given the early-stage of RingFinder, the aim of this campaign was limited to confirming/rejecting candidate lenses using quick "snapshot" exposures of approximately 30 minutes integration, and help in the refinement of the classification criteria.
In total 9 SL2S targets were observed, including 2 that later ended up in the main SL2S sample. One of the two main sample candidates ended up being a definite lens. The second one remains inconclusive (confirmed=1) even with additional WFPC2 observations. Of the 7 non-main sample candidate 5 were identified as contaminants using the AO images. No conclusion could be drawn on the remaining two (one confirmed =1 and one confirmed=2). The contaminants were revealed to be spiral galaxies by the AO images. Thus, although no system was confirmed using the AO data alone, the Keck data helped identify spiral contaminants and refine our selection process to increase success rate in subsequent iterations of RingFinder.
Spectroscopic follow-up
The SL2S spectroscopic campaign was started in 2006. The goal of our spectroscopic observations was to measure the deflector and source redshifts and deflector velocity dispersion for all our systems. The latter quantity is not required to assert that a lens candidate really is a deflector but it was used as an additional constraint on the mass properties of the confirmed lenses (Ruff et al. 2011; Sonnenfeld et al. 2013b ). Different telescopes (Keck, VLT and Gemini), instruments (LRIS, DEIMOS, X-Shooter 10 , GNIRS) and setups have been used to achieve this goal, reflecting technical advances during the years and the optimization of our strategy. The procedure we used to analyze the spectra and measure redshifts along with velocity dispersions is presented in great detail by Sonnenfeld et al. (2013b) . Since this publication, we obtained 4 redshift measurements from a new XSHOOTER program 11 in Fall 2013. They are included in the summary tables 1 and 3. A detailed description of these data is left for a future work (Sonnenfeld et al., in prep) .
The most difficult quantity to measure was the redshift of the lensed source which often required near-IR coverage to detect the important redshifted emission lines.
In addition, 31 lens candidates were bright enough to have an entry in the SDSS3 public catalog (9th data release, Ahn et al. 2012) . 18 belong to the main sample. None of these fiber spectra could yield a measurement of the source redshift because the signal-to-noise ratio was too low.
Among the systems that we spectroscopically followed up, 40 were part of the main sample of table 1, of which 31 (resp. 9) are definite confirmed=3 (resp. probable confirmed=2) lenses. Another 16 spectra were obtained for the additional candidate list. 15 of them are definite lenses.
Altogether we followed up 56 lens candidates. All but one allowed us to measure the deflector redshift. 51 observations yielded a measurement of the source redshift. For 6 of these 51 redshift estimates, the corresponding redshift coincides with the redshift of the foreground deflector. They were thus flagged with confirmed=0.
Confirmation rate and merits of the classification scheme
We can now compare the overall quality of our selection and visual classification scheme with the new classification allowed by the availability of redshifts or high-resolution imaging. In table 4, we show the number of candidates that were classified with a given q flag score and, subsequently, after additional spectroscopic or imaging data, were reclassified with a given confirmed value according to our already defined scheme: 3 definitely a lens, 2 probably a lens, 1 possibly a lens, and, 0 not a lens.
We see that the correspondence between q flag and confirmed is very tight at the extremes, either a value 3 for "definitely a lens" or a value 0 for "definitely not a lens". In between, the classification is more ambiguous. The q flag=2 systems end up with about the same frequency into all possible values of confirmed. With time, our visual classification skills increased. Most of the systems having q flag=2 and confirmed< 2 come from early RingFinder implementations. Indeed, only 2 out of 21 such systems belong to the main lens sample of Table 1 .
The confirmation rate (confirmed=3) for q flag> 2 in the main sample is about 66%. Extrapolating to the total number of lens candidates in the main sample, we conclude that our sample should contain about 220 lenses.
Statistical comparison with simulations
In this section, we investigate whether the conclusions that can be drawn from the follow-up observations of our lens candidates are consistent with the predicted statistics suggested by our simulations of § 4.
First, accounting for the ∼ 20% loss of completeness expected from photometric perturbations of deflectors detailed in § 4.4.4, we should update the statistics of strong lensing events predicted in § 4.4. By doing so, we estimate that, over the 150 deg 2 of the CFHTLS imaging data, about 1040 lenses should be present down to the simulated depth. RingFinder should detect about 960 systems with q flag≥ 2, of which ∼ 410 should be actual µ ≥ 4 lenses. This somewhat over-predicts by a factor of ∼ 2 the actual number of q flag≥ 2 candidates that we found.
The predictions for simulations with q flag≥ 3 are in much better agreement with our actual observed numbers. Those differences suggest that our classification scheme might have been slightly more strict in the observations. This illustrates the limitations of a visual classification that hampers any very accurate calibration. Keeping also in mind that our simulations do not incorporate all the complexity of a fully realistic surface brightness profile that could exhibit some blue star forming regions in the deflector plane, satellites and, more generally, small amounts of color gradients, we conclude that getting numbers within a factor of 2, depending on the stability of a q flag=2 or q flag=3 ranking, is already quite satisfactory. 
Summary and conclusions
We have developed and implemented a novel method for the automated detection and classification of strong galaxy-scale gravitational lenses in ground-based imaging surveys. The method is based on difference imaging between blue and red filters, automated morphological cuts, and final visual inspection. The alogorithm has been extensively tested in fields containing known lenses and via simulated strong lensing configuration to characterize its selection function, purity and completeness. The algorithm has been applied to search for strong lens candidates in the ∼ 150 deg 2 of CFHTLS imaging. The results of the search as well as of extensive follow-up for confirmation and rejection of candidates have been presented. Our main results can be summarized as follows.
• The RingFinder algorithm is highly efficient, retaining just 2500 lens candidates (0.4%) from a sample of 640,000 pre-selected early-type galaxies. This corresponds to about 18 candidates per square degree.
• Hierarchical visual inspection of these objects led to the definition of a sample of 330 candidates of sufficient quality (q flag ≥ 2) for follow-up observation. These systems are listed in table 1. This procedure took approximately 48 person-hours to complete, or 30 person-minutes per square degree. The follow-up campaigns allowed us to confirm 33 definite gravitational lenses in this (main) sample. Extrapolating to the full catalog, about 220 lenses are still to be confirmed in our sample.
• During the early stages of this work, while still tuning the parameters of the RingFinder algorithm, we also gathered 71 lens candidates with q flag≥ 2 that did not remain in the statistical main sample of 330 systems. 16 of those systems have been confirmed as lenses. The full list of additional candidates is given in table 3.
• These SL2S galaxy-scale lenses lie in the redshift range 0.3 z 0.8, and thus complement well the SLACS galaxy-scale lens sample at median redshift 0.2.
• High-resolution imaging and extensive spectroscopic follow-up candidates allowed 33 (+16 systems from the additional non statistical sample) new gravitational lenses to be confirmed. The analysis of the confirmed sample has been carried out in , (Ruff et al. 2011) , (Sonnenfeld et al. 2013a ) and (Sonnenfeld et al. 2013b ) and yielded valuable constraints on the evolution of the mass profile of massive ETGs back to redshift z ∼ 0.8 thanks to a combined lensing+dynamics analysis.
• We tested the response of RingFinder to simulated images of ETGs exhibiting a range of detectable features along the line of sight to quantify the fraction of recovered true lenses as well as the contamination of our lens sample by non-lenses. Both statistics are in broad agreement (within a factor < 2) given the limitations of the simulations and the imprecision of the visual classification at the end of the RingFinder procedure. A rough number of 1.5 definite lenses per sq. degree can be obtained with a method similar to RingFinder on data similar to the CFHTLS.
• Those simulations allowed us to check that the overall completeness we could achieve for such a survey after visual inspection is close to 40%. However, restricting the search to a narrow range of Einstein radii, between 0.9 and 2 arcsec, as well as arcs (or lensed features) brighter than a magnitude of 22.5 in the g band, can significanly increase the completeness to a value ∼70%. Lenses in a different regime could be better seeked with other surveys (deeper and better resolution for small Einstein radii and faint sources or wider for large Einstein radii). 
